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Abstract  
Over the years, natural convection has attracted a great deal of scientific and technical attention from 
researchers because of its presence both in nature and industrial applications. It is a mechanism of heat 
transport, in which the fluid motion is generated by density differences in the fluid occurring due 
to temperature gradients. If in addition to the natural convection, an external force is used in the flow system, 
the phenomena are called mixed-convection. The present paper is dedicated to present the numerical 
simulation of mixed convection heat transfer in a two-dimensional vertical conical annular space. The CFD 
FLUENT12.0 code is used to solve the governing equations of mass, momentum and energy using constant 
properties and the Boussinesq approximation for density variation. The streamlines and the isotherms of the 
fluid are obtained for different Richardson and Reynolds numbers. In addition, the effects on the heat 
transfer are discussed for various values of physical parameters of the fluid in the annulus geometry. The 
heat transfer on the hot walls of the annulus is also calculated in order to make comparisons between the 
cylinder annulus for boundary conditions and several Rayleigh numbers. A good agreement of Nusselt 
number has been found between the present predictions and reference from the literature data. 
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1 Introduction  
Natural convection has attracted a great deal of scientific and technical research because of its presence both 
in nature and in engineering and industrial processes. It is a mechanism of heat transport, in which the fluid 
motion is mainly generated by density differences in the fluid occurring due to temperature gradients. If in 
addition to the natural convection, an external force is used in the flow system, the phenomena are called 
mixed-convection. Mixed convection in various cavity shapes have been investigated in the open literature, 
for example the case of rectangular cavities was reported by [1], complex shapes such that cavities with 
corrugated walls in [2], and trapezoidal cavities in [3]. It is generally noticed that mixed convection flows are 
often encountered in laminar flows or flows of non-Newtonian fluid because to their high viscosities [4]. The 
mixed convection in closed cavities is due in the majority of the cases to a jet entering, for example in a 
rectangular cavity provided with two openings on its vertical walls and subject to a horizontal jet, such as the 
flow configuration presented in [5]. In the case of semi-cylindrical cavities only little work has been reported 
in the literature. Karki et al. [6] studied numerically the three-dimensional mixed laminar convection in a 
semi-cylindrical cavity with a longitudinal air jet. The objective of the present work is to investigate the 
mixed convection flow in a vertical conical annular space in the presence of an air jet. Numerical simulations 
are made for various combinations of Richardson number and Reynolds number with Aspect ratio Ar =1 and 
Radius ratio K=2 in the range of (0.5714≤Ri ≤ 142800), (1 ≤ Re ≤ 500) with Pr = 0.7. 
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2 Mathematical formulation  
2.1 Physical domain 
The physical problem, analyzed in the present work, is the flow generated by mixed convection in a vertical 
conical annular; where the annulus is filled with air. The domain of analysis is bounded by two concentric 
conics with isothermal walls of the inner and outer axial length H. The top and bottom walls of the outer 
cone are considered the outflow and inlet velocity respectively, as shown in figure 1. The bottom radii of the 
inner and outer cones are ri and ro and the inner and outer wall temperature are Ti and To, respectively. For the 
inner and outer wall, where Ti>To, whereas the fluid at the inlet of the annulus is isothermal at temperature Ti 
and constant uniform velocity v. The buoyancy induced flow is assumed to be laminar, and the fluid studied 
is incompressible with constant properties except for the density. The variation of the density with the 
temperature is calculated using the Boussinesq approximation. Then, the mathematical model used is based 
on the hypothesis of a two-dimensional flow.  
 
 
 
 
 
 
 
FIG. 1- Physical Model. 
2.2 Governing equations  
For a steady state heat transfer with constant fluid properties, laminar and steady incompressible flow with 
no viscous dissipation, the partial differential equations in vector notation take the following forms:  
Continuity, 
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Where the dimensionless parameters are defined as follows:  
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The energy transported across the inner cone of the annulus is expressed in terms of local and mean Nusselt 
numbers. The local Nusselt number for the inner cone of annulus can be obtained from temperature gradients  
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using the following relationships: 
    
   
  
 
   
  
    
                                                                                                           
The mean Nusselt number is defined by 
       
   
   
       
   
            
  
    
 
  
 
 
       
                
                                                      
3 Results and discussion  
Numerical simulations have been performed to show the effect of Richardson number and Reynolds number 
on the flow structure and behavior. The numerical results are summarized in the following sections. 
3.1 Effect of Richardson number   
The main parameter which governs the thermal natural flow is the Richardson number,    
  
   
 . It provides 
a measure of the importance of buoyancy driven natural convection relative to the driven forced convection 
by inlet jet (Archimedes forces) to viscous forces. Ri is proportional to the applied temperature gradient, 
when the cavity is the vertical conical annular space is perfectly vertical with differentially heated walls and 
the low Reynolds number; In this situation the flow structure is formed of a single cell, turning in the 
clockwise direction and exhibiting symmetry relative to the annulus center and the isotherms structure shows 
a temperature stratification in the central region. 
The streamlines (on the left) and isotherms (on the right) are shown in figure 2. The figure represents the 
case where Ar=1 and Richardson number range (14.28 ≤ Ri ≤ 1428) which correspond to K =2,  =45°,Re = 
10, . So for Ri = 14.28, thermal stresses are small enough to be able to vary the fluid density and cause the 
particles movement. The heat transfer performs then only by thermal conduction. For Ri = 14.28, the thermal 
stresses are low enough to be able to vary the fluid density, and provoke the particles movement, the heat 
transfer then takes place, solely by thermal conduction, the temperature decreases at the jet inlet, which 
explains a the isotherms vertical stratification at the air outlet the streamlines taking a only sense (figure 2a). 
The Richardson number increase generates a thermal vertical natural flow that raises the jet and the force to 
make a recirculation in heart of the annulus, which provokes the formation of a main cell and the smaller 
lines that forms just at inlet of the annulus. The latter cell is decreased by increasing the Richardson number 
(figure 2b).This behavior continues to Ri= 1428 with the lines disappearance that are overwritten by the 
increase in the main cell size. The isotherms shape and their distribution in the annulus allows of say that the 
convective transfer mode is dominant when the jet is low (Re = 10). Moreover, the natural convection 
intensity increases with increasing Richardson number. As can be seen from the streamlines that the velocity 
gradient is important at level the walls when the Richardson number increases and thus the maximum 
velocity is reached at this level. 
The vertical profile of the temperature in the annulus center for different Richardson numbers (14.28≤ Ri ≤ 
1428) is given in figure 3 for Ar=1 and K=2,  =45°. As expected, the temperature decreases linearly from the 
high level to the low level of the annulus when Ri = 14.28 . This is explained by the fact that up to this value 
of Richardson number, there is a conduction-dominated heat transfer mechanism in the flow structure. 
However for both Ri = 14.28
 
and Ri = 1428 the temperature profiles was found to be symmetrical with 
respect to the annulus center, and there is a zone where the temperature gradient is intense at the active hot 
walls . This is explained by convective flow ascending of a hot flow. 
The heat transfer distribution along the hot wall of the annulus for 14.28 ≤ Ri ≤ 1428 are presented in figure 
4. The other parameters being Ar=1 and K=2,  =45°. This figure indicates that the heat exchange is 
maximum at the borders because the fluid is in a zone where the temperature gradient is intense at the hot 
active wall. It can also be seen from the figure that the Nusselt number increases with the increase of the 
Richardson number.  
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FIG. 2- Streamlines and isotherms for different 
Richardson number and Re=10, Ar=1, K=2,  =45°. 
 
 
 
 
 
 
 
FIG. 3- Temperature profiles variation with horizontal distance 
for different Richardson number and Re=10, Ar=1, K=2,  =45° at Z=0.75. 
 
 
 
 
 
 
FIG. 4- Local Nusselt number along the hot wall of the annulus 
with different Richardson number and Re=10, Ar=1, K=2,  =45°. 
3.2 Effects of Reynolds number   
Figures 5 (a)-(e) show the simulated streamlines and isotherms for various Reynolds number (1 ≤ Re ≤ 500) 
and (0.5714 ≤ Ri ≤ 142800, Ar=1, K = 2 and  =45°). The isotherms (on the right) and streamlines (on the left) 
of the figures, are obtained with variation of the jet intensity measured by the Reynolds number (1 ≤ Re ≤ 
500). As known   
  
   
 , so for a fixed Ri, Gr is proportional to the square of Re. Then a slight change of Re 
and Ri causes huge of variation in Gr. As shown in figure 5 (a)-(e), for important Richardson number Ri = 
1428, the competition between the cells and the natural convection of cold air jet, leads to different flow 
structures for the specific value of the Reynolds number. For low Reynolds number (Re ≤ 10 and Ri ≤ 1428), 
a single convective cell with an important size does exist and dominates the full enclosure (figure 5 a-b). But 
for Reynolds and Richardson numbers in the range of (10 <Re <100 and 14.28<Ri <1428) , the jet is 
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powerful enough to impose on the natural flow by slowing this cell to make it disappear beyond of Reynolds 
number (Re ≥ 50 and Ri ≥ 57.14)  (figure 5 c-d-e). The main cell which is at the top part of the annulus 
remains placed above the jet preventing all contact between this latter and the forced flow. The 
disappearance of this cell is crushed by increasing the lines size at Reynolds number (Re≥ 100 and Ri≥14.28) 
(figure 5 d-e). The flow above the inclined heated wall passes then in regime of forced convection typical of 
that of a jet along a hot plane plate. The structure of isotherms shows temperature stratification in the central 
region of the annulus and important thermal gradients horizontal in the regions near the active walls. This 
shows that, almost all of the unobstructed heat by the hot wall passes to outwardly through the upper opening, 
due to the forced flow. A very small amount of heat crosses the jet by conduction to reach the upper part 
(figure 5e). 
The evolution of temperature along the annulus height with respect to different parameters being 0.5714 ≤ Ri 
≤ 142800 and Ar=1, K=2,  =45° is presented in figure 6, for Reynolds number 1≤ Re ≤ 500. This figure 
shows that when the Reynolds number is small Re ≤ 10 the temperature field keeps the same shape and 
presents symmetry with respect to the annulus center with a zone of intense temperature gradient in the 
vicinity of the active walls. This can be explained by the convective flow ascending from the hot region. 
Whereas when the Reynolds number becomes more important (Re ≥ 100 and Ri≥14.28), the temperature 
falls linearly from the high level to the low level of the annulus, and covers all regions of the annulus. This 
evolution predicts a thermal conductive flow which is caused by the vertical cold flow effect which causes a 
rapid decrease in temperature in the annulus. 
The Nusselt number variation with Reynolds number for different Richardson number was also investigated 
for Ar = 1, K = 2 and  =45°. Figure 7 shows this variation and explains the average heat transfer rate as a 
function of Reynolds number. It can be seen that the Nusselt number increases with the Richardson number 
increases. This means that the heat transfer rate increases when the jet velocity at the entry is important and 
the flow structure is dominated by forced convection (increases in Reynolds number) and this is, for any 
Richardson number value. 
 
 
   
 
 
 
    
 
 
 
 
 
 
 
FIG. 5- Streamlines and isotherms for different 
Reynolds and Richardson numbers Ar=1, K=2,  =45°. 
 
a) Re=1, Ri=142800
 
b) Re=5, Ri=5714
 
c) Re=50, Ri=57.14
 
d) Re=100, Ri=14.28
 
e) Re=500, Ri=0.5714
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FIG. 6- Temperature profiles variation with horizontal distance 
for different Reynolds and Richardson numbers Ar=1, K=2,  =45° at Z=0.75. 
 
 
 
 
 
 
FIG. 7- Nusselt number variation with Reynolds number 
for different Richardson number at Ar= 1, K=2 and  =45°. 
4 Conclusion 
A numerical study of mixed convection heat transfer in a two dimensional conical annular space for steady-
state regime with differentially heated walls was presented for wide ranges of Richardson and Reynolds 
numbers. From the discussion of the results, the following conclusions can be drawn: 
 For lower values of the Richardson number it was observed a dominance of conduction heat transfer. At 
higher values of the Richardson number there was an increase of the convection mode of heat transfer. 
 As the Richardson number increases the Nusselt number increases, because at higher Richardson 
number natural convection dominates the forced convection. 
 The heat transfer rate increases with increase of Reynolds number. The heat transfer rate increasing is a 
function of the Richardson numbers. 
 It was observed also that the Reynolds and Richardson numbers are among the most important 
parameters that affect the flow structure and the temperature field and the ultimate heat transfer. 
Therefore, the direction of the motion flow also affects the heat transfer phenomena. 
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